Chronic venous insufficiency (CVI) is a common disease characterized by impaired venous drainage leading to congestion in the lower limbs. Currently, there are no artificial or biological venous valve prostheses commercially available. Previous minimally invasive design concepts failed to achieve sufficient long term results in animal or in vitro studies. The aim was to implement structural numerical simulation of clinically relevant loading cases for minimally invasive implantable venous valve prostheses. A bicuspid valve design was chosen as it showed superior results compared to tricuspid valves in previous studies. The selfexpanding support structure was developed by using diamond-shaped elements. Using finite-element analysis (FEA), various loading cases, including expansion and crimping of the stent structure and the release into a venous vessel, were simulated. A hyperelastic constitutive law for the vascular model was generated from uniaxial tensile test data of unfixated human vein walls. This study also compared numerical and experimental results regarding compliance and tensile tests to validate the vein material model. The calculated performance concerning expansion and crimping, as well as the release of the stent into a venous vessel, demonstrated the suitability of the stent design for minimally invasive application.
Introduction
Chronic venous insufficiency (CVI) is a common disease characterized by impaired venous drainage leading to congestion in the lower limbs with severe manifestations, such as painful ulcers. This is usually due to insufficient functionality of venous valves based on structural changes of the veins or venous thrombosis. Currently, there are no minimally invasive venous valve prostheses commercially available. Previously tested prototypes failed to achieve sufficient long term results [1] [2] [3] .
Requirements of prostheses include durability, secure anchoring, valve opening and closing at minimal pressure difference, prevention of reflux at high pressure, as well as minimum flow stagnation areas. Previous studies showed superior results with a bicuspid valve design compared to tricuspid valves [4] . Therefore, the stent structure developed within the current work is adjusted for a venous valve with two leaflets. In order to simplify first simulations a ring segment of the stent design will be considered.
Materials and Methods

Developing a venous vessel model
Hyperelastic constitutive law based on uniaxial tension tests was used to describe the venous vessel material properties. For this purpose unfixated human vein walls freshly harvested from deceased body donors were analysed in circumferential and longitudinal tensile direction in 0.9% NaCl solution at 37°C, using a universal testing machine Zwick/Roell Z2.5/TN (Zwick GmbH & Co. KG, Ulm, Germany). Due to large scattering of the individual measurements, the results were averaged by the software Origin 2018b (Originlab Corporation, Northampton, MA, USA).
For specification of a strain energy potential, different types (Ogden, Polynomial, reduced Polynomial and Marlow) with different orders (N) were evaluated regarding their stability and accuracy compared to the test data. A generalized isotropic model with a density of 10 -9 kg/mm 3 and a Poisson's ratio of 0.475 was defined.
The validation of the material model was performed by simulation of compliance and uniaxial tensile tests. Experimental compliance measurements were made of unfixated human vein segments attached on both ends in a proprietary test device consisting of a water (37°C) filled test chamber, a 2-axis laser scanner, pressure controller and test software. The procedure is conducted by increasing the pressure by 20 mmHg steps starting at 0 mmHg up to a maximal transmural pressure of 240 mmHg and measuring the outer vein diameter at each pressure step.
Design of a stent structure
First approaches for developing a stent structure for venous valve prostheses based on a closed-cell design. Therefore the computer-aided design (CAD) software package Creo Parametric 5.0 (Parametric Technology Corp., Needham, MA, USA) was used. To simplify first simulations, a ring structure with ten diamond-shaped elements was created as a stent. The initial geometry is based on the outer diameter (3.5 mm) and wall thickness (165 µm) of semi-finished products made of Nitinol. A strut width of 100 µm and radii of curvature of at least 20 µm were chosen to allow manufacturing of prototypes by laser cutting. 
Numerical simulation
Abaqus/Standard 2017 (Dassault Systèmes, Vélizy-Villacoublay, France) was used for FEA.
Various loading cases were simulated starting with the stent expansion to a final diameter of 14 mm. To implement the step, the nodes of a cylindrical expansion tool were displaced in radial direction, while the displacement of the stent structure was constrained in tangential and longitudinal direction on one side of the ring structure. For crimping of the stress relieved expanded stent, the nodes of a cylindrical crimping tool were displaced in the opposite direction. The final crimping diameter for a future stent prototype was set to 1.88 mm based on available catheters.
To implement the release into the venous model (see 2.1) the vein diameter varies from 6 mm to 12 mm as first approximation [5] , but this may also increase to more than 16 mm during physical exercise [6] . The wall thickness based on averaged tensile test data is set to 0.57 mm. The deployment of the crimped stent was simulated to analyze the mechanical behavior. Therefore, the software output radial force between ring structure and venous model was used to calculate the stent pressure as radial force divided by the relative cylinder surface area of the ring structure. The stent penetration was also calculated as difference between the diameter of the first stent vessel contact DC and the contact diameter at equilibrium DE [7] .
Surface-to-surface contact was applied between the stent (slave surface) and the expansion tool, the crimping tool and the venous vessel model (master surfaces) using a friction coefficient of 0.05. For the self-expanding superelastic Nitinol stent structure Abaqus user material (UMAT) was applied. The hyperelastic constitutive law for the vascular model was generated as described in 2.1. Table 1 summarizes the conducted meshing parameters of all parts. Figure 2 shows the results of simulated tensile tests with different material models compared to the averaged experimental data. All curves match the experiment curve up to a displacement of 3 mm (equivalent to 20 % strain), which is the relevant range for further stent deployment studies. The scatter of the curves increases with larger displacement due to hyperelastic material behavior and instabilities at increasing strain. 
Results and discussion
Validation of the venous material model
Performance during expansion and crimping
Deformation during the simulated processes of expansion and crimping of the ring segment is illustrated in Figure 4 . A prosthesis shortening or lengthening of approximately 64 % and 21 % was observed. The outer stent diameter after expansion and before crimping was 14 mm, while after crimping the diameter was reduced to 1.88 mm. Due to proper expansion and crimping behavior, the design is regarded suitable for venous application. Figure 5 illustrates the radial force depending on different simulated wall thicknesses and vessel diameters. With increasing wall thickness and decreasing diameter an increase in radial force can be noticed. The maximum radial force is about 2.75 N. The relationship between diameter and pressure for stent vessel interaction is shown in Figure 6 . The penetration as difference of DC and DE (see 2.
Deployment into a venous vessel
3) is about 1.16 mm and the resulting operating point of the stent [7] defined as intersecting pressure-diameter response of the ring structure with the venous model is about 8.92 mm. 
Conclusion
Within the current study, a material model for a venous vessel could be developed. The large scattering of the individual measurements occurs due to the fiber structure in the native human venous walls. There are some limitations in the simulation of individual samples, since these fiber structures were not considered in the simulations so far. This can be especially observed in comparison between the experimental and simulated compliance with respect to the match of the curves. The developed material model shows a good approximation and therefore can be used for stent deployment studies. It will be necessary to manufacture stent prototypes in order to perform some experimental validation according to radial force. In addition, comparative values of radial forces for the venous system are missing.
Further investigations should focus on numerical simulation of the whole stent design as well as the complete venous valve prosthesis including the leaflet structure. FEA is a useful tool in the development process of a venous valve implant according to its requirements.
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